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Vast Regions Have Insufficient PM2.5 Measurements for 
Exposure Assessment

Locations of Publicly Accessible Long-Term PM2.5 Monitoring Sites 

Monitor locations can be driven by compliance objectives 
 

~1 site / 10,000 km2 in continental US & southern Canada 
 

Plagued early Global Burden of Disease efforts  

Lack of Canadian long-term PM2.5 guideline at start of work 

Emerging 
Network 



Long-Term (2001-2010) Aerosol Optical Depth (AOD) 
Use AERONET AOD to Assess Relative Accuracy & Combine

van Donkelaar et al., in prep 



Apply Chemical Transport Model (GEOS-Chem) to Calculate 
AOD/PM2.5 for Each Observation

Aaron van Donkelaar www.geos-chem.org 



Long-Term “Dry” PM2.5 to AOD Relation 
 
Affected by vertical structure, aerosol properties, relative humidity 

Model sampled coincidently with MODIS and MISR observations 

GEOS-Chem Simulation of PM2.5 / AOD for 2001-2006 

van Donkelaar et al., EHP, 2010 

PM2.5 / AOD (µg m-3) 

PM2.5 calculated at 35% RH 



Use CALIOP Observations (2006-2011) to Correct 
Seasonal Bias in Simulated Aerosol Extinction 

van Donkelaar et al., JGR, 2013 
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Comments on the Inference of PM2.5 from AOD

May sound deceptively easy.

Valuable to:

•  Mitigate error sources affecting satellite AOD retrievals

•  Sample model coincidently with satellite observations (level 2)

•  Evaluate and develop simulation capability for the numerous 
processes affecting relation of ground-level PM2.5 at specified RH 
(e.g. 35%) with column AOD at ambient RH



van Donkelaar et al., 
EHP, 2015 

Climatology (2001-2010) of Satellite-Derived PM2.5 

Information source for:  
Global Burden of Disease Assessments 

OECD Regaional Well Being Index 

Yale-Columbia Environmental Performance Index 

World Bank 

World Development Indicators 

 

Evaluation in  
North America: 
r2 = 0.66 
slope = 0.96 
n=974 
 

Outside North America and Europe 
r2 = 0.66; slope = 0.68; n = 210 

Contributed to:  
Global Burden of Disease 2010
PM2.5 Causal Role in 
70 Million Disability Adjusted Life Years (~3%) 
>3 Million Excess Deaths (~5%)
Three-fold increase over GBD 2000

Lim et al., Lancet, 2012 

Spatial Resolution 10km x 10km 



3.2 million 
deaths and 
76 million 

DALYs 

Risk Factors for Global Premature Deaths and 
Disability Adjusted Life Years (DALYs) in 2010 

Lim et al., Lancet, 2012 



Combine SeaWifs & MISR to Calculate 15-Year PM2.5 
Timeseries (1998-2012)

Boys et al., ES&T, 2014 
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Consistent Trends in Satellite-Derived and In Situ PM2.5 

Boys et al., ES&T, 2014 
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In Situ (1999-2012) 

     0.37 ± 0.06 µg m-3 yr-1 

Satellite-Derived (1999-2012) 

     0.36 ± 0.13 µg m-3 yr-1 

If constant PM2.5 / AOD, trend 
degrades: 0.22 ± 0.09 µg m-3 yr-1 

 

 

Eastern US 

PM
2.

5 
A

no
m

al
y 

 (u
g 

m
-3

)  

SeaWifs & MISR 

In Situ 

1999-2012 

van Donkelaar et al., 
EHP, 2015 



Interpret Satellite-derived PM2.5 Trends with GEOS-Chem

Boys et al., ES&T, 2014 

Eastern North America Middle East 

South Asia East Asia 

Year Year 

GEOS-Chem Secondary Inorganic -0.4 µg m-3 yr-1  
GEOS-Chem Mineral Dust 0.7 µg m-3 yr-1  

GEOS-Chem Secondary Inorganic 0.7 µg m-3 yr-1  

  GEOS-Chem Secondary Inorganic 0.8 µg m-3 yr-1  

  GEOS-Chem Organic 0.04 µg m-3 yr-1  GEOS-Chem Organic 0.2 µg m-3 yr-1  

  

SeaWifs & MISR  -0.39±0.10 µg m-3 yr-1 SeaWifs & MISR 0.81±0.21 µg m-3 yr-1 

    

SeaWifs & MISR  0.93±0.22 µg m-3 yr-1  SeaWifs & MISR 0.79±0.27 µg m-3 yr-1 
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van Donkelaar et al., EHP, 2014 

Changes in Long-term Population-Weighted Ambient PM2.5 
Clean Areas are Improving; High PM2.5 Areas are Degrading 

WHO Guideline & Interim Targets 

Exceedance of 
WHO AQG 
drops from 
62% to 19% 

Exceedance of 
WHO IT1 
increases from 
51% to 70% 

1998 (51%) 

2012 (70%) 

WHO 
IT1 

1998 

2012 

WHO 
AQG 

Exceedance of 
WHO AQG 
drops from 
62% to 19% 



Surface NO2 Trends over 1996-2012 from GOME, 
SCIAMACHY, GOME-2  

Similarities with PM2.5 Trends where Driven by Secondary Inorganics 
Differences Elsewhere

Geddes et al., EHP, 2015 
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Population Weighted PM2.5 Composition 
Use GEOS-Chem to Partition Satellite AOD into PM2.5 Composition 

Philip et al., ES&T, 2014 

r2 = 0.88, slope=0.89 r2 = 0.49, slope=0.44 

Satellite-Model outperforms pure model.  
Examples: 
Slope GEOS-Chem SIA = 0.65 (vs 0.93 with sat) 

GEOS-Chem OM: r2 = 0.37 (vs r2 = 0.49 with sat) 

Secondary Inorganic Aerosols (SIA) Particulate Organic Matter (OM) 

Mineral Dust Global Population-Weighted PM2.5 Composition

Sulfate (17%)

Nitrate (6%)

Ammonium (7%)

Organic Mass (32%)

Sea Salt (1%)

Mineral Dust (30%)

Black Carbon (7%)



AirNow Satellite Data Processor

van Donkelaar et al., ES&T, 2012 

Daily Errors in MODIS-Derived PM2.5 Reduced 
by Spatial Smoothing 

Daily Error in Original over 2004-08 Daily Error in Smoothed over 2004-08 

r2 = 0.69 
slope = 1.29 
n=505 

Original for Example Day: June 27, 2005 Smoothed for Example Day: June 27, 2005 

r2 = 0.71 
slope = 1.14 
n=505 



Top Mortality Risk Factors in China in 2010 

Ambient PM2.5 
caused an 

estimated 1.2 
million deaths; 

14.9% of all 
deaths in 2010 

Lim et al., 2012 



Geostationary (GOCI) Instrument Offers High Temporal and 
Spatial Resolution for Inference of PM2.5

In Situ PM2.5 better represented by GOCI-derived PM2.5 (slope = 1.01) than by 
GEOS-Chem (slope = 0.68) 

 
Xu et al., ACPD, 2015 

AOD from Jhoon Kim 

r2
 =0.66 

slope = 1.01 
offset = 1.36 
n=494 
 

Also better than from MODIS (r2 = 0.64, slope = 1.3) 



Xu et al., ACPD, 2015 

Seasonal Variation Well Resolved with GOCI-derived PM2.5



Interpret GOCI-derived PM2.5 using GEOS-Chem 
Seasonal Variation Driven by Nitrate and Biofuel Organics

         Xu et al., ACPD, 2015 



Satellite-Derived PM2.5 Over North America (2004-2008)

van Donkelaar et al., ES&T, 2015 



Geographic Weighted Regression (GWR) Offers Insight into 
Bias of Satellite-Derived PM2.5 vs Ground Monitors (2004-2008)

van Donkelaar et al., ES&T, 2015 



Combined Geophysical and Statistical Approach Improves 
Consistency with Ground-based Monitors

van Donkelaar et al., ES&T, 2015 

Performance remains high (R2=0.78) even when most (70%) sites withheld for cross-validation 

Adjusted 
Optimal 
Estimation 
(AOE) with 
Geophysical 
and Statistical 
Information 



Seasonal Variation in PM2.5 Well Represented

van Donkelaar et al., ES&T, 2015 



Inform Epidemiological Studies on Health Outcomes  
Benefits from Large Statistical Power

•  Global childhood asthma prevalence (Anderson et al., 2012) 
•  Lung cancer in Canada (Hystad et al., 2012)
•  Air pollution and mortality in California (Jerrett et al., 2013)
•  Diabetes (Brook et al., 2013; Chen et al., 2013)
•  Hypertension (Chen et al., 2013)
•  Global adverse birth outcomes (Fleischer et al., 2014)
•  Pregnancy outcomes (Stieb et al., 2015)

Significant Association of Long-term 
PM2.5 Exposure with 

Cardiovascular Mortality at Low PM2.5
Evidence of No Threshold 

Contributed to Canadian PM2.5 Guideline  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Crouse et al., EHP, 2012 

 



Few Publicly Available Collocated Measurements of 
PM2.5 & AOD to Evaluate those Calculations

Collocated 
Within 3 km 

Data for 2012 



SPARTAN: An Emerging Global Network to Evaluate and 
Enhance Satellite-Based Estimates of PM2.5 

Measures PM2.5 Mass & Composition at Sites Measuring AOD

Semi-autonomous 
PM2.5 & PM10 
Impaction Sampling 
Station (AirPhoton) 
Ions & metals 
 
3-λ nephelometer for 
temporal resolution 

AOD from CIMEL 
Sunphotometer 
(e.g. AERONET) 

www.spartan-network.org 

Snider et al., AMT, 2015 

     Testing 
 
     Deployed 
 
     Committed 
 
     
      

Seeking Additional Collaborations to Develop Network 



Spatial PM2.5 to AOD Relation Driven by Scattering 
Vertical Profile & Mass Scattering Efficiency

www.spartan-network.org 

Snider et al., AMT, 2015 
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bsp = nephelometer measurements of aerosol scatter 

overpass = satellite overpass times (taken as 10am – 2pm) 

PM2.5 / AOD (µg / m3) 

Emerging Evidence that PM2.5/AOD May be Larger: 
Increased Global PM2.5 Burden

Consistent with slope < 1 vs 
monitors outside North America  

van Donkelaar et al. (2010, 2015)  

Contribution to R2:        0.59        -0.22   0.46 

Surface/Column  Diurnal         Mass Scattering 
               Efficiency 
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Satellite Observations Valuable Information for Air Quality  
Numerous Opportunities to Develop Representation

http://fizz.phys.dal.ca/~atmos/martin/ www.spartan-network.org 

Chemical Transport Model Plays a Valuable Role in Relating 

Retrieved (e.g. AOD) and Desired (e.g. PM2.5) Quantity 

 

Ongoing Challenge to Continue to Develop that Capability 


